cell death induction and dependence upon oxidative stress. Although apoptotic cell death was observed in both acute leukemia cells and cardiomyocytes, the antioxidant N-acetylcysteine protected cardiomyocytes but not acute leukemia cells from anthracycline cytotoxicity. Conclusions Our findings point toward revisiting the use of NAC as a cardioprotective agent since it does not appear to interfere with the cytotoxic action of anthracyclines. NAC has been evaluated clinically for cardioprotective activity but future trials must ensure that adequate dose, scheduling and incorporation of markers of oxidative stress are included.
Introduction
Anthracyclines are among the most effective drugs used for the treatment of oncologic diseases including leukemia, lymphoma and solid tumors [1] . However, their use is tempered by dose-dependent cardiotoxicity in a subset of patients [2] . Cardiac abnormalities such as systolic dysfunction develop in up to 60 % of patients exposed to high-dose anthracyclines alone or in combination with other treatment modalities [2, 3] . Multiple factors, including genetic polymorphisms, may account for differences in the incidence, severity and timing of cardiotoxicity among patients exposed to anthracyclines [4, 5] . However these risk factors are not considered in altering anthracycline dosing or in delivering cardioprotective interventions. While consideration of these risk factors is taken into account when prescribing long-term follow-up guidelines, prevention of cardiotoxic late effects remains challenging.
Abstract
Purpose Cardiotoxic side effects of anthracyclines limit their use as effective chemotherapeutics. One mechanistic model of anthracycline-induced cardiotoxicity is attributed to the generation of intracellular reactive oxygen species (ROS). However, this theory has been questioned because several cardioprotective strategies have included the use of antioxidants without significant clinical benefit. We sought to determine whether measurement of intracellular reactive oxygen species after anthracycline exposure in vivo and in vitro could provide a means for designing more effective antioxidant-based cardioprotective schemes. Methods Intracellular levels of ROS were assessed in peripheral blood mononuclear cells from leukemia bearing mice exposed to anthracyclines and in patients receiving anthracyclines. Comparison of cell death induction and ROS levels were also conducted in vitro in cardiomyocyte and leukemia lines. ROS blockade using antioxidants was conducted, and effects on cell death were assessed. Results Elevated ROS in blood of mice and representative patient samples correlated with cardiomyocyte necrosis and decreased ejection fraction. In vitro, comparison of the cytotoxic effects of anthracyclines in acute leukemia cells and in cardiomyocytes revealed distinct kinetics of Joy Marie Fulbright and Daniela E. Egas-Bejar have equal contribution to the manuscript.
Understanding the mechanism of action of anthracyclines has potential to identify cardioprotective interventions. The cardiotoxic action of anthracyclines involves multiple mechanisms: inhibition of the topoisomerase II (Top2) enzyme (mainly Top2 alpha), thereby blocking DNA transcription and replication by causing DNA strand breaks and generation of iron mediated, ROS generation (leading to mitochondrial DNA damage, lipid peroxidation, protein carbonylation, energy depletion and apoptosis) [6] [7] [8] [9] . These free radicals may continue to be generated even after treatment with doxorubicin has ceased, which provides an explanation for late onset cardiotoxicity [10] which occurs at least 1 year after completion of therapy and leads to irreversible heart damage and congestive heart failure [2, 11, 12] .
Several strategies have been used to decrease anthracycline-induced cardiotoxicity. These include limiting the cumulative dose, altering administration of anthracyclines, use of analogues of anthracyclines or special formulations (liposomes), and use of cardioprotectants concomitant with anthracycline administration [2, 13] . The only FDAapproved agent used for anthracycline cardiotoxicity is dexrazoxane (Zinecard, also known as ICRF-187). Studies have suggested that this agent works by antagonizing doxorubicin-induced DNA damage through its interference with Topoisomerase II beta [14] and also by reducing mitochondrial iron levels, which is associated with deleterious effects of doxorubicin in cardiomyocytes in vitro and are elevated in patients with doxorubicin-induced cardiomyopathy [15] . Despite these molecular insights into the role of free radicals in contributing to cardiotoxicity, the use of antioxidants as cardioprotective agents has been controversial. In many cases, antioxidants have shown protective effects in studies performed in vitro and in mouse models but have not shown similar effects in clinical trials. Study design and lack of monitoring of biomarkers for oxidative stress in clinical studies may provide an explanation for these disparate results [16] . Here, we present data supporting a role for ROS measured in peripheral blood as a biomarker for cardiotoxic events in mice and in a cohort of pediatric cancer patients receiving anthracyclines. We also conducted mechanistic comparisons of cell death induction by anthracyclines in acute leukemia cells and cardiomyocytes and assessed the use of antioxidants on cytotoxicity of anthracyclines in these models.
Materials and methods

Cell lines and culture conditions
Acute leukemia cells used included ML-1 (M5 human acute myelogenous leukemia derived from a patient that relapsed after initial T cell acute lymphoblastic leukemia), AML-3 (M4 human acute myelogenous leukemia) and Jurkat (human T cell acute lymphocytic leukemia). The H9C2 cardiomyocyte cell line (derived from embryonic rat heart tissue) was also used. All cell lines were obtained from the American Type Culture Collection (Rockville, MD). The acute leukemia lines were maintained in RPMI 1640 media, supplemented with 10 % fetal bovine serum, 100 U/ ml penicillin and 100 μg/ml of streptomycin, HEPES and 4 mM glutamine. H9C2 cells were cultured in high-glucose Dulbecco-modified MEM, supplemented with 10 % of fetal bovine serum, 100 U/ml of penicillin and 100 μg/ml of streptomycin and 4 mM glutamine. Cells were fed every 2-3 days, and sub-cultured once they reached 70-80 % confluence to prevent loss of differentiation potential for no more than 3 months after thawing. All cells were maintained in a humidified atmosphere of 5 % CO2. Routine mycoplasma testing and DNA fingerprinting were conducted to ensure the cells were not contaminated and identify was verified.
Chemicals and reagents
Daunorubicin, reduced glutathione ethyl ester, N-acetylcysteine, reduced glutathione, propidium iodide (PI) were all purchased from Sigma Aldrich (St Louis, MO). Doxorubicin was purchased from LC Laboratories. Zvad-FMK, and caspase-3 substrate AC-DEVD-AMC were purchased from Enzo Life Sciences (Farmingdale, NY). Hydroethidium (HE) and dichlorofluoroscein (DCF) dye was obtained from Molecular Probes (Eugene, OR).
Cell viability and cell death assays
Viability was quantified by trypan blue exclusion using a Vi-cell analyzer (Beckman Coulter, Brea, CA). For analysis of percent of cells with subdiploid amounts of DNA, indicative of apoptotic DNA fragmentation, cells were harvested and then stained with propidium iodide (PI) solution (50 μg/ml PI, 0.1 % Triton X and 0.1 % of sodium citrate) for a minimum of 4 h. Samples were read on the FL-3 channel of a flow cytometry (FACSCalibur, Becton-Dickinson, Franklin Lakes, NJ). Subdiploid population was quantified using CellQuest software (BD Bioscience, Franklin Lakes, NJ).
Caspase-3 activity
Cells were resuspended with 50 μL of PBS for every 1 million cells and frozen on dry ice and plated onto a 96-well opaque plate in duplicate. For time course experiments, cells were continuously added to plates stored at −80 °C so that all samples were processed together. DEVD-AMC buffer was prepared by mixing 100 mM HEPES, 10 % sucrose, 5 mM DTT, 0.0001 % IGEPAL and 0.1 CHAPS and the solution pH was adjusted at 7.25. Once all samples were collected, they were allowed to thaw and 50 μM DEVD-AMC was added to the buffer at a dilution of 1:500. To each well containing 50 μl of cell suspension, 150 μl of the mixture of DEVD-AMC Buffer + DEVD was added. The 96-well plate was then incubated for 3 h at room temperature in the dark. Plates were read on the SpectraMax GeminiEM using 355 nm excitation and 460 nm wavelengths for emission. Fluorescence generated by the cleavage of the fluorogenic peptide is proportional to caspase-3 activity of each sample.
Quantification of cellular glutathione (GSH) levels
Equal numbers of harvested cells were aliquoted to new tubes and 50 μM of monochlorobimane (mBCL) was added to each sample, except for the unstained control. Cells were incubated with mBCL for 15 min at 37 °C. After incubation, the reaction was stopped by adding trichloroacetic acid to a final concentration of 5 %. Samples were collected and an equal volume of methylene chloride was added, followed by centrifugation at 3500 RPM for 2 min. After centrifugation, 200 μl from the aqueous phase was collected in a well of a white opaque 96-well plate. Fluorescence was measured using a microplate reader (Spectra Gemini EM, Molecular Devices, Inc. Sunnyvale CA) with excitation 398 nm and emission of 488 nm. GSH level was calculated using linear regression from the standard curve.
Evaluation of effects of anthracyclines in vivo
Female SCID/NCr (BALB/c) background) mice were purchased from NCI-Frederick (Frederick, MD, USA). Mice were allowed to acclimate to their new environment for a minimum of 1 week and were housed at a maximum of 5 mice per cage in a barrier facility with regulated temperature and light cycles. Animal experiments were performed in accordance with the MD Anderson Institutional Animal Care and Use Committee and approved by the American Association for Laboratory Animal Science (AALAS). Mice were divided into 2 groups of 5 mice each. Doxorubicin (6 mg/kg) or PBS was administered via tail vein injection every other week for 3 weeks. Mice were euthanized on day 36, and hearts were removed and placed in formaldehyde. Paraffin slides were prepared for H & E staining and were examined by an experienced veterinarian pathologist, who was blinded to the treatment regimen. Assessment of the myocardium for signs of histologic damage was based on the guidelines established by Bertazzoli et al. [17] for evaluation of doxorubicin cardiotoxicity in the mouse. For each mouse, upon euthanization, blood samples were obtained and Ficoll density centrifugation was used to isolate mononuclear cells for measurement of intracellular superoxide levels.
Measurement of ROS levels and cardiac function in patient samples
After informed consent was obtained according to a protocol approved by the University of Texas MD Anderson's Institutional Review Board which conforms to the ethical guidelines of the Declaration of Helsinki, blood samples were obtained from 5 pediatric patients before and after treatment with doxorubicin. Mononuclear cells were isolated by Ficoll density centrifugation. Dichlorofluorescein staining was used to measure intracellular peroxides in patient samples. Samples were washed in PBS and resuspended with H 2 DCFDA solution and incubated for 30 min at 37° Celsius in the dark. Samples were centrifuged and resuspended in PBS to be read on the FL-1 channel of the flow cytometer. Mean fluorescence of each sample was calculated using CellQuest software. Consistent with standard of care guidelines, echocardiograms were performed on patients and left ventricular ejection fraction values were obtained prior to treatment and after exposure to doxorubicin.
Statistical analyses
The data obtained in the in vitro experiments represents the mean with the standard error of the mean (SEM) from three independent experiments performed using GraphPad Prism version 6.0 for Windows, Graph Pad Software, La Jolla, California, USA (www.graphpad.com). The Student's t test was performed to determine statistical significant differences between samples. A p value less than 0.05 was considered statistically significant.
Results
In vivo exposure to anthracyclines is accompanied by cytotoxic changes in cardiac tissue and increased ROS levels in peripheral blood monocytes
Cardiotoxicity has been associated with exposure to anthracyclines in mice and humans, and ROS have been implicated in the mechanism of action. However, few studies have examined whether ROS in peripheral blood mononuclear cells can be followed as a surrogate for cardiotoxic events. To address this question, we adopted a previously published model for in vivo exposure to the anthracycline, doxorubicin. As depicted in Fig. 1a , mice were exposed to 6 mg/kg doxorubicin on day 0, 14 and 28 and then killed on day 36. Evaluation of cardiac tissue harvested from these mice by a veterinary pathologist blinded to experimental conditions revealed that 2/4 mice had histologic lesions of the heart that mainly consisted of striation and signs of necrosis (Fig. 1b) . One of the doxorubicin-treated mice died on day 32, and we were unable to assess cardiac abnormalities. In contrast, in the PBS-treated group no histologic lesions could be identified in the cardiac tissue of five mice evaluated. Peripheral blood mononuclear cells were harvested from the tail veins of mice, and ROS levels were quantified by measurement of intracellular superoxide levels using dihydroethidium staining and subsequent flow cytometric detection. A significantly higher level of intracellular superoxide was seen in doxorubicin-treated mice compared to PBS-treated mice (Fig. 1c) . Collectively, these findings confirm the cytotoxic effects of anthracyclines on heart tissue in vivo and also that increased ROS levels elicited by anthracycline treatment are measurable in peripheral blood.
Changes in ROS levels correlate with alterations of cardiac functions in patient samples
Pediatric sarcoma patients are routinely treated with anthracyclines, and through an IRB-approved protocol, we collected peripheral blood from four patients before and after doxorubicin exposure. Intracellular peroxide levels in peripheral blood were assessed in three osteosarcoma patients and in one patient diagnosed with unclassified sarcoma. Patients also had baseline echocardiograms prior to start of therapy with doxorubicin and after treatment with doxorubicin. In three out of four patients, no significant effect on cardiac function was observed as measured by ejection fraction (EF) after doxorubicin exposure. However, one patient (#2) had a significant decrease in ejection fraction ( Table 1 ). The same patient also had nearly a threefold increase in ROS levels: the largest increase seen in this limited cohort. These findings point to the possibility that spikes in ROS in peripheral blood of patients could be a biomarker for compromised cardiac function in patients exposed to anthracyclines. histologic lesions in the heart. In the DOX-treated group (right) 2/4 mice had histologic lesions consistent of change in striation and signs of necrosis. c ROS levels were quantified by HE staining (measure of superoxide levels). DOX-treated mice showed more than twofold increased ROS levels compared to PBS-treated mice, and this finding was statistically significant. **p < 0.01
Examination of anthracycline-induced cell death in cardiomyocytes and cancer cells
In order to determine the relationship between elevated ROS and cytotoxicity, we undertook experiments in cell lines. Dose-response experiments using doxorubicin and daunorubicin were conducted in Jurkat and ML-1 cells (acute leukemia) and in H9C2 (cardiomyocyte) cells. Viability and DNA fragmentation were assessed by trypan blue exclusion and propidium iodide staining, respectively. Acute leukemia cells appeared to be slightly more sensitive than H9C2 cells to anthracyclines, but this was not statistically significant (Fig. 3a, b) ; therefore, acute leukemia cells and cardiomyocytes showed similar sensitivity to anthracyclines at a fixed (24 h) time point. In order to address whether the kinetics of anthracycline-induced cytotoxicity were different, time course experiments were performed at a range of times spanning 4-40 h in the three cell lines. In general, viability and DNA fragmentation trends were similar, but differences in sensitivity at later time points were apparent between the leukemia lines and cardiomyocyte cell line. Viability decreased at 24 h in all three cell lines with a preceding or concomitant increase in DNA fragmentation at that time (Fig. 2c-h) .
We next tried to establish a temporal relationship between cell death and apoptosis as assessed by caspase-3 activation. Acute leukemia cell lines (Jurkat and ML-1) and the cardiomyocyte cell line H9C2 were treated at different time points (4, 8, 16 and 24 h) with the anthracyclines doxorubicin and daunorubicin. Caspase-3 activity assay was performed, and results obtained were normalized to control. In all cell lines, doxorubicin elicited caspase-3 activation with a peak effect at 8 h. Daunorubicin did not elicit major caspase-3 activation in these cell lines, suggesting that an alternate mode of cell death or reliance on different caspase family members may be triggered by daunorubicin exposure (Fig. 3a-c) . To further clarify the question of whether cell death in acute leukemia cell lines is a caspase dependent event, we pretreated the cell lines with the pan caspase inhibitor z-vad-fmk at a dose of 20 μM for at least 30 min and then treated the cells with doxorubicin and daunorubicin for 24 h and measured caspase-3 activity. For acute leukemia cells treated with either doxorubicin or daunorubicin, z-vad-fmk was protective against caspase activation (Fig. 3d, e) .
Kinetics of ROS alterations and cell death induction in anthracycline-treated acute leukemia cells and cardiomyocytes
In order to understand the relationship between anthracyclineinduced cell death and ROS alterations, GSH levels were examined because the fluorescence of the anthracyclines in cell lines was found to interfere with the fluorescence emitted by the HE and DCF probes. GSH levels were measured at the height of caspase activation: 8 h and did not significantly change in any of the three cell lines (Fig. 4a, b) . In order to establish whether blockade of caspase activation affects GSH changes in acute leukemia cells, we pretreated the cell lines with a pan caspase inhibitor z-VAD-fmk at a dose of 20 μM for at least 30 min and then treated the cells with doxorubicin and daunorubicin for 24 h and quantified GSH levels. For acute leukemia cells, GSH levels were not changed in the presence of the caspase inhibitor and are therefore independent of caspase regulation in these cell lines (Fig. 4c, d ). Taken together, these findings suggest that manipulation of ROS levels in acute leukemia cells should not affect the cytotoxicity of anthracyclines in these cell lines.
NAC protects H9C2 cells from anthracycline cytotoxicity without interfering with the cytotoxicity of anthracyclines on acute leukemia cells
To further probe the role of GSH in anthracycline-induced cytotoxicity, we pretreated acute leukemia cells Jurkat and ML-1 with the antioxidant N-acetylcysteine (NAC) or glutathione ethyl ester (GEE), which either indirectly or directly increase GSH levels. H9c2 cells were pretreated with NAC. Cells were then treated with doxorubicin or daunorubicin for 24 h. Neither of the antioxidants interfered with Table 1 Patient with the highest increase in ROS levels had significant drop in ejection fraction Intracellular peroxide levels were measured in four patients with different oncologic diagnosis prior to treatment (DCF1) and after treatment with DOX (DCF2). Staining was quantified by flow cytometry measurement of mean fluorescence intensity. Echocardiograms were performed at baseline and Ejection Fraction (EF) was recorded then (Pretx EF) and after treatment with DOX (Posttx EF the cytotoxicity of anthracyclines in acute leukemia cells (Fig. 5a, b) . However, in H9c2 cells, NAC was significantly protective against anthracycline-induced DNA fragmentation (Fig. 5c ). These data indicate that NAC is protective of anthracycline-induced cytotoxicity in cardiomyocytes without interfering with the anthracycline's antileukemic activity.
NAC increased GSH levels in acute in acute leukemia cells treated with anthracyclines
We next sought to evaluate the effect of antioxidants on GSH levels in acute leukemia cells treated with anthracyclines. Jurkat and ML-1 cells were pretreated with the antioxidant Fig. 2 Acute leukemia cells are slightly more sensitive to anthracyclines. Viability decreases and DNA fragmentation increases at 24 h in acute leukemia cells and cardiomyocytes. Jurkat (derived from patient with T-cell ALL) and ML-1 (derived from a patient with M5 AML) and cardiomyocyte H9C2 cell lines were treated with increasing doses of a DOX and b DNR (0.5-3 μM) for 24 h. Cell viability was quantified by trypan blue exclusion using a Vi-cell analyzer.
Subsequently, Jurkat (c, d), ML-1 cells (e, f) were treated with DOX (2 μM) and DNR (1 μM) and H9C2 (g, h) were treated with 25 μM of DOX and DNR for different time points, and viability and DNA fragmentation were assessed, respectively. For c-h, light gray line is DMSO treated cells, dark gray line is daunorubicin treatment and black line is doxorubicin treatment. The results represent the mean ± SEM of three different experiments N-acetylcysteine (NAC) and after 30 min were exposed to doxorubicin and daunorubicin. Anthracyclines decreased GSH levels in acute leukemia cells and pretreatment with NAC significantly counteracted that decrease (Fig. 5d-g ), effectively boosting GSH levels in both acute leukemia lines.
Discussion
Anthracyclines have been linked to ROS generation in cancer cells and cardiomyocytes in this and in previous studies [17] [18] [19] . However, few in vivo studies have actually captured ROS levels as a surrogate marker in peripheral blood. Our work in a limited number of patients, suggests that increased ROS may be associated with changes in cardiac function (specifically reduced ejection fraction). A previously published study performed in patients receiving treatment with the anthracycline epirubicin for different types of cancer suggested that an impairment in cardiac contractility was the earliest finding related to cardiotoxicity secondary to epirubicin and that this was associated with high levels of ROS and markers of inflammation [20] . These changes occurred even before changes in troponin levels were observed. Therefore, incorporating ROS level measurement in patients may prove to be useful for monitoring of cardiotoxic effects of anthracyclines in earlier stages and to implement treatment modifications that include cardioprotective agents or dose modification. and then exposed to anthracyclines for 24 h. Caspase-3 activity was quantified by measurement of mean fold increase in fluorescence (DEVD-AMC) by spectrofluorometry. Results were normalized to control and represent the mean ± SEM of three different experiments Mean ± SEM of three different experiments are represented. *p < 0.05, **p < 0.01, ns not significant
3
ROS modulation has been shown in the present study not to affect the cytotoxic action of anthracyclines in acute leukemia cells; therefore, we propose that counteracting ROS with the use of antioxidants can be a viable strategy to provide cardioprotection in patients treated with anthracyclines without interfering with the antileukemic action of these agents. Previous studies have shown antioxidants such as vitamin C to be protective against anthracyclineinduced cardiotoxicity in animals, without reducing the anticancer activity of anthracyclines [21] . However, these results could not be extrapolated to humans [22] . Lacking from the human studies were biomarkers of ROS, thereby limiting our understanding of whether vitamin C was truly acting as an antioxidant. This is an important point, since reports of vitamin C actually causing oxidative stress rather than preventing it, appear to be reliant upon dose and duration of exposure.
Consistent with our in vitro findings, NAC has also shown to have protective effects in animal models of acute cardiotoxicity [23] ; however, these results have not been reproduced in human clinical trials. In one randomized trial assessing the prevention of doxorubicin cardiomyopathy by NAC, patients received 75 mg/m 2 intravenously of doxorubicin every 4 weeks either alone (control group with 30 patients) or preceded 1 h by 5.5 g/m2 of NAC (intervention group with 24 patients). Cardiac function of all patients was Fig. 4 Glutathione levels (GSH) do not significantly change before cell death in anthracycline-treated acute leukemia cells and cardiomyocytes. GSH events are independent of caspase regulation in acute leukemia cells. Jurkat, ML-1 and H9C2 cells were treated at 8 h with a DOX and b DNR and GSH levels were measured by spectrofluorometry. Results were normalized to control. Jurkat (c) and ML-1 (d) cells were pretreated with pan caspase inhibitor z-vad-fmk (20 μM) and then exposed to anthracyclines for 24 h. GSH levels were measured by spectrofluorometry, and results were normalized to control. Results represent the mean ± SEM of three different experiments NAC and GEE do not interfere with anthracycline cytotoxicity in acute leukemia cells. NAC protects H9C2 cells from anthracycline cytotoxicity. NAC increases GSH levels in acute leukemia cells treated with anthracyclines. a Jurkat and b ML-1 cells were pretreated with NAC and GEE and then exposed to DOX and DNR for 24 h. Viability was assessed. c H9C2 cells were pretreated with NAC and subsequently exposed to DOX and DNR for 24 h and DNA fragmentation was assessed. The results represent the mean ± SEM of 3 different experiments d, e Jurkat and f, g ML-1 cells were pretreated with N-acetylcysteine (NAC) and then exposed to DOX and DNR. GSH levels were measured by quantification of fluorescence by spectrofluorometry. The results represent the mean ± SEM of three different experiments, *p < 0.05, **p < 0.01 tested before treatment via electrocardiograms, and ejection fractions were measured at rest and after exercise and these parameters were again reassessed when the patients had received total cumulative doses of doxorubicin of 300-350 and 500-550 mg/m 2 . The study concluded that oral NAC was not effective as a cardioprotective agent against doxorubicin-induced cardiotoxicity in the scheduled and dose used in the mentioned study [24] . It is important to mention that the schedule of NAC administration may not have been optimal as this agent was used 1 h before doxorubicin administration, whereas it is known that ROS can be generated for long periods of time after anthracycline exposure. While the study used the measurement of ejection fraction as an endpoint, it did not include the use of markers of oxidative stress which would have determined whether NAC was exerting an effect on lowering ROS levels.
The EPOCH trial (Evaluation of short-term use of N-acetylcysteine as a strategy for prevention of anthracycline-induced cardiomyopathy) was a prospective study that included 103 patients and pretreated 50 of them with 1200 mg of NAC orally every 8 h starting before and ending after the intravenous infusion of anthracycline in all chemotherapy cycles. The primary outcome was changes in left ventricular ejection fraction, which did not differ between the two groups [25] . Again, no markers of oxidative stress were used and the authors acknowledged the possibility of inadequate dosing and length of administration of NAC.
From these and other previous studies performed, we can conclude that there are multiple possible reasons why studies with antioxidants that have demonstrated protective effects on cardiomyocytes in vitro and in vivo, could not demonstrate similar effects when tested on patients. Relevant explanations include the choice of endpoints and trial duration, the selection of the dose and intervention [16] . Multiple studies that have assessed the use of antioxidants in patients have not evaluated biomarkers of oxidative stress, instead focusing on assessment of clinical endpoints like electrocardiographic changes. Though echocardiographic changes are important they may miss subtle changes in cardiac function between groups, and differences in group may not become apparent until years later since late cardiotoxicity may develop years after patients are off therapy. Also the duration of antioxidant-based intervention may not have been optimized. By measuring biomarkers of oxidative stress, dosing and schedule of antioxidant administration may be guided.
Taken together we postulate that by designing an antioxidant intervention for anthracycline cardiotoxicity with appropriate selection of agent, dosing, schedule and with the use of biomarkers of oxidative stress as endpoints, benefit may be seen in a clinical setting. As numbers of cancer survivors who have been treated with anthracyclines increase, the potential benefits of NAC or other antioxidants to prevent cardiac damage may provide significant improvement in quality of life and healthcare costs for this growing population.
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